For brightfield detection of two different DNA target sequences in one sample, we developed a double-target in situ hybridization (ISH) technique, using biotin-and digoxigenin-labeled chromosome-specific DNA probes. First, several immunochemical detection systems were optimized and compared for sensitivity and simultaneous applicability. Two non-interfering immunochemical systems were chosen for simultaneous detection of the DNA probe labels. This resulted in combination of an alkaline phosphatase (AP)conjugated avidin-biotin system with a horseradish peroxidase (HRP)-conjugated antibody system for detection of biotin-and digoxigenin-labeled DNA probes, respectively. Development of AP with New Fuchsin-naphthol phosphate and HRP with diaminobenzidine-H202 resulted in stable, well-contrasting (red and black, respectively) color precipi-
Introduction
Genetic changes, such as numerical and structural chromosomal aberrations, play an important role in the initiation and progression of malignancies. Several techniques have been developed for detection of genetic changes. By flow cytometric analysis, the total DNA content of large cell populations can be estimated, but no information about chromosome aberrations can be obtained. Karyotyping allows a more precise determination of numerical and structural chromosome aberrations, but interpretation of karyotyping data may present difficulties because of low mitotic index or poor quality of metaphase spreads. Moreover, since cytogenetic techniques are usually possible only after culturing of isolated tumor cells, no correlation can be made with respect to the tissue.
To overcome these limitations, the in situ hybridization technique using chromosome specific DNA probes has been developed (13, 20) . Chromosome targets can be demonstrated indirectly with Supported by The Netherlands Cancer Foundation, NUKC92-34. sensitive radioactive or non-radioactive detection systems. The nonradioactive ISH techniques result in either fluorescence signals or color precipitates visible in fluorescence and brightfield microscopy, respectively. Specific chromosomes and chromosomal aberrations can thus be detected in mitotic and non-mitotic cells. The ISH technique on interphase cells has been applied successfully on hematological and solid tumors (4,10,22,28).
The application of double and multiple ISH techniques has been described for detection of numerical and structural chromosome aberrations in the same tumor cells (12, 18,19,21,27 ). Almost all of these studies described in situ hybridization techniques with fluorescence microscopy (FISH), which gives high sensitivity and resolution, enabling separate detection of different DNA fragments. The value of FISH is limited because fluorescence microscopy equipment is expensive and not generally available in laboratories. Furthermore, fluorochromes fade on exposure to light, even if stabilized by various anti-fading compounds, and formalin-fixed, paraffin-embedded tissue sections may show autofluorescence. An alternative for the visualization of two or more DNA probe labels may be the application of enzyme-conjugated detection systems. Development of these enzymes, e.g., horseradish peroxidase and alkaline phosphatase, results in color precipitates that are visible with conventional brightfield microscopy. A few investigators have reported such double-target ISH techniques suitable for brightfield detection (6-8,17). Most of these studies described the detection of viral DNA and/or resulted in less contrasting and alcoholsoluble color precipitates.
In this study, a new double-target ISH technique suitable for brightfield microscopy was developed, using chromosome-specific repetitive DNA probes. This double-target ISH technique could be applied on many different fixed materials, such as metaphase spreads, cytospin and Thin-prep samples of cytological suspensions, frozen tissue sections, and formalin-fixed, paraffin-embedded tissue sections. To achieve this, several single-target ISH techniques for detection of biotin-and digoxigenin-labeled DNA probes were optimized. The combination of the two most sensitive methods was chosen to give an optimal double-target ISH technique suitable for routine simultaneous detection of two DNA target sequences by brightfield microscopy.
Materials and Methods
Cell and Tissue Samples. Metaphase spreads and interphase nuclei from human peripheral blood samples were prepared as described previously (3). Cytospin and Thin-prep samples of cervical cells, f m d in 50% ethanollpolyethylin glycol, were air-dried and fixed for 20 min in 1% formalin/70% ethanol -2O'C.
Six-pm frozen sections of a transitional cell carcinoma (TCC) of the urinary bladder were mounted on aminoalkylsilane (Sigma; St Louis, MO)coated glass slides, air-dried, and fixed in 1% formalinl70% ethanol for 20 min at -2O'C. Single-target ISH experiments revealed a loss of chromosome 9 in this tumor (PJ. Poddighe, personal observation).
Three different tumor tissue samples were formalin-fmd and paraffinembedded: (a) a cervical intraepithelial neoplasia, Grade 111 (CIN 111); (b) a superficial spreading melanoma in which in single-target studies a loss of chromosome Y in the melanoma cells was observed; and (c) abortion material consisting of a hydatiform mole (complication of gestation) (25.26) and fetal parts. Since the mole showed, after single-target ISH, two signals for chromosome X and the fetal part one signal for chromosome X and chromosome Y, it could be concluded that the abortion was of a twin pregnancy. Four-pm sections of these pdin-embedded tissues were mounted on aminoalkylsilane-coated glass slides and heated overnight at 60'C. After dewawing in xylene and rinsing in methanol, endogenous peroxidase activity was blocked for 20 min at room temperature (RT) in 1% HzOzlmethanoI. Subsequently, slides were rinsed in methanol and airdried.
Fk-treatment of h p l e s . Before the ISH procedure, the cells were permeabilized to obtain a good penetration ofthe DNA probes inio the nuclei, as described previously with minor modifications (9) . Therefore, metaphase spreads, cytological samples, and frozen tissue sections were incubated for 5-10 min at 37°C in 100 pg (200 U) pepsin (Sigma) per mlO.01 N HCI. Next, the slides were rinsed in 0.01 N HCI and dehydrated in an ascending alcohol series. After air-drying, the sections were post-fixed in 1% formalin/PBS for 5 min at RT. After rinsing in PBS and demineralized mter (MQ), the slides were again dehydrated and air-dried. P d i n sections were incubated in 1 M NaSCN (Merck; Darmstadt, Germany) for 10 min at 80'C. followed by rinsing in MQ. Enzyme digestion was applied with 4 mg (8000 U) pepsinlmlO.2 N HCI for 10-30 min at 37'C. Next, the slides were rinsed in MQ, dehydrated, air-dried, and baked at 80'C for 30 min.
DNA Probes for ISH. Centromere-associated DNA probes specific for chromosomes 1 (2). 8 (5), 9 (16) . 17 (30). X (31), and Y (14) and a telomereassociated DNA probe for 1 (1) were labeled by nick-translation with biotin-14-dATP or digoxigenin-11-dUTP according to the suppliers' instructions (BRL, Gaithersburg, MD; Boehringer, Mannheim, Germany).
In Situ Hybridization (ISH). The DNA probes were hybridized to the cell and tissue preparations in single-and double-target ISH at a probe concentration of 0.2-4 nglml hybridization mixture containing 60% deionized formamide (Merck Darmstadt, Germany), 10% dextran sulfate (Sigma), 2 x standard saline citrate, pH 7, (SSC), and 50 n g / d herring sperm DNA (Boehringer; see also 'lible 1). Fifteen PI ofthe hybridization mixture was applied to the samples under a coverslip (18 x 18 mm) and sealed with rubber cement. Denaturation of probe and target DNA was performed simultaneously by heating the slides in a moist chamber. Metaphase spreads, lymphocytes, and frozen tissue sections were denatured for 3 min at 70°C and paraffi tissue sections for 10 min at 80'C. After hybridization overnight at 37'C, the coverslips were removed by immersing the slides in 2 x SSC, pH 7, at 42°C. Post-hybridization washes (42'C) were carried out twice in 60% formamide in 2 x SSC, pH 7. for 5 min and twice in 2 x SSC, pH 7, for 5 min. N m , the slides were rinsed in PBSl0.05% Tween 20 (PBST; Mer&) at RT.
Immunochemical Detection. For demonstration of the biotin-and digoodgenin-labeled DNA probes, the slides were incubated simultaneously with two immunochemical systems containing horseradish peroxidax (HRP) for detection of the digoxigenin-labeled probe and alkaline phosphatase (AP) for the biotin-labeled probe. All incubation steps were performed in PBST containing 5% non-fit dry milk (PBSTM; Boehringer) for 30 min at 37°C. Washing steps were three times in PBST for 5 min at RT. The slides were pre-incubated with PBSTM for 20 min at 37'C. The first layer contained mouse anti-digoxigenin (MOO, Boehringer) and APlabeled avidin (1:50; Dakopatts, Glostrup. Denmark). The second layer consisted of HRPlabeled rabbit anti-mouse (1:80; Dakopatts) and biotin-labeled goat antiavidin (1:lOo; Vector Laboratories, Burlingame, CA). The third layer contained HRFkbeled swine anti-rabbit (k40; Dakopatts) and Aplabeled avidin (1:50; Dakopatts). Finally, the slides were rinsed in PBST and PBS.
First, AP was visualized by a capture method (15) . Sixty ~1 4 % New Fuchsin (Merck) in HCI and 60 pl 4% NaNOz (fresh made or frozen; Merck) were mixed and shaken for 1 min, dissolved in 10 ml naphthol AS-TR phosphate (nAS-TRp, 10 mglml; Sigma) in 0.2 M %is-HC1, pH 8.5. and filtered on the slides. After 10 min of incubation the slides were rinsed in M Q and PBS. Subsequently. HRP was developed with 0.05% diaminoben-zidinel0.15% Hz0~ (Sigma and Merck) in PBSl0.65% imidazole (Merck) (formalin-fucd, pan&n-cmbeddcd tissue sections). for 3-5 min. After rinsing in MQ, the DAB signal was ampiifed with 0.5 % CuSO4 in 0.9% NaCl for 3 min and slides were again rinsed in MQ. Nuclei were counterstained with Mayer's hematoxylin or with methyl green for 10 detection of the probes by mouse anti-biotin or digoxigenin followed by HRP-conjugated antibodies, whereas hardly any signal was observed with the detection method using AP-conjugated ansec. Subsequently, qopla~m in tissue s~ctions could be stained with light green Or eosin, resPecumb Finally, the samP1es Were mounted in tibodies ( Table 2) . Other antibodies against biotin and digoxigenin were tested but gave less satisfactory results. Bener results with respect to ISH signal size were found with the labeled avidin method compared with the labeled streptavidin method. The incubation times with the substrate solutions were kept standard, i.e., 3-5 min for HRP and 10 min for AP. Lonmr incubation (Fisher Scientific; Fair Lawn, NJ).
Results

Optimization of Single-target Detection
For detection of biotin-and digoxigenin-labeled DNA probes, HRPand AP-conjugated systems were tested on mildly fixed materials, e.g., ethanol-fixed cells or frozen samples and strongly-fixed materials, e.g., formalin-fixed, and pdm-embedded tissue sections ( Table 2 ). These systems make use of either avidin-biotin interactions or antibody affinities. For dilution of the antibodies and the washing steps, several buffers, such as PBS and SSC, were compared. Since no differences were observed, all immunochemical reactions were performed in PBS. Furthermore, no significant differences in ISH signal size were observed with biotin or digoxigenin as probe label. Detection of the DNA probes in strongly fixed paraffin tissue sections required more sensitive systems than detection of the DNA probes in mildly fixed samples (Eble 2).
The most sensitive method for detection of biotin and digoxigenin labeled probes was the ABC method containing HRP (Eble 2). Most striking was the difference between the HRP-and the AP-conjugated antibody systems. Good results were achieved with times showed an increase in ISH signal size but also an increase in background staining and signal overlap. When after 10 min of AP development no satisfactory ISH signal size was achieved, more layers of avidin-AP were applied instead of longer development times. For paraffin tissue sections, even three or four layers were necessary to achieve reasonable results. In addition, for detection of probe label with the antibody systems an amplification of signal size, again using RaM-HRP, could be performed. Furthermore, amplification of the DAB precipitate with CuSO4 showed an additional increase of the ISH signals.
Excessive dehydration of the samples by a graded ethanol series decreases the New Fuchsin precipitate. Therefore, after counterstaining, the slides were air-dried before mounting in Permount solution.
As a consequence of these results, for the double-target ISH technique, we chose a combination of biotin-labeled DNA probes with an AP-conjugated avidin-biotin detection system and digoxigenin-labeled DNA probes with an HRP-conjugated antibody detection system.
Double-target In Situ Hybridization Technique
Immunochemical detection of the probes in the double-target ISH technique was carried out simultaneously by adding the different antibodies as a mixture in PBS. No crossreactivity of the antibodies was detected. The ISH signals appeared as red and black spots, without blending of the colors. No differences were observed when the two immunochemical detection systems were applied consecutively. When HRP was first developed, followed by AP, a decrease in the amount and size of the red (AP) spots was observed. Conversely, visualization of the biotin probe by AP, followed by visualization of the digoxigenin probe by HRP, resulted in excellent red and black signals, respectively.
The double-target ISH technique was successfully applied to a wide range of different fixed materials, such as metaphase spreads and interphase nuclei from cell suspensions, cytospins, and Thinprep samples of cytological specimens, frozen tissue sections, and formalin-fixed, paraffin-embedded tissue sections. A clear distinction could be obtained between the biotin-and digoxigenin-labeled DNA probes, visible as red and black ISH signals, as shown in Figures  1A-1H . Figure 1A shows an example of the double-target ISH technique on metaphase spreads of human lymphocytes, demonstrating contrasting color precipitates of the centromere-associated target sequences for chromosomes 1 and 8. In addition, three DNA probes were used in a "triple-target" ISH procedure, revealing a red signal on the centromeric region of chromosome 1 and a black signal on the telomeric region (p-arms) of chromosomes 1 and the cenuo-meric region of chromosome 8 ( Figure 1B) . Figure IC illustrates a cervical cell in which keratin 13 (29) is stained blue by immunohistochemistry and the centromeric regions of chromosome 1 and 8 are stained red and black, respectively, by the double-target ISH procedure. First, keratin 13 was detected by immunohistochemistry with p-galactosidase as enzyme label, resulting in a turquoise precipitate. This precipitate was preserved during the chemical and thermal treatments of the ISH technique by which the keratin staining was followed (23). Figure 1D demonstrates an example of a frozen tissue section of a diploid bladder tumor, where the centromeric regions of chromosomes 1 and 9 were visualized in red and black, respectively. Quantification of the ISH signals in these sections where signal-target ISH procedures were performed using the chromosome 9 probe showed only nuclei with none or one ISH signal. Using our double-target ISH approach, this genomic aberration could be confirmed in just one tissue section. In Figure lE , double-target ISH was applied on a paraffin tissue section of a cervical lesion, resulting in red and black signals for chromosomes 1 and 8, respectively. In this sample, no significant dlfferences were observed. In a superficial spreading melanoma, we demonstrated the loss of chromosome Y in melanoma cells ( Figure IF) . Red and black signals, reflecting chromosomes 1 and Y , respectively, were clearly visible in keratinocytes and lymphocytes (internal control). In the tumor cells only red signals (chromosome 1) were seen, whereas no black signals were observed, indicating the absence of chromosome Y in the melanoma cells. Furthermore, we applied the double-target ISH technique on a hydatiform mole in the presence of fetal parts. Single-target ISH studies on serial tissue sections with DNA probes specific for chromosomes X and Y demonstrated that the aborted material consisted of a complete mole (XX) and a male embryo (XY) descended from a twin pregnancy. Doubletarget ISH with DNA probes specific for chromosome X (digoxigenin) and Y (biotin).showed two black ISH signals for chromosome X in the mole and one black signal for chromosome X and one red signal for chromosome Y in the fetal parts, confirming the single-target investigations (Figures 1G and 1H ).
Discussion
In this study we describe the development and application of a new double-target ISH technique suitable for the detection of two chromosome specific DNA sequences by brightfield microscopy. Visualization of the DNA probes with two non-interfering enzymatic detection systems results in stable and good contrasting color precipitates. A major advantage of this technique is the possibility of examining two DNA target sequences by conventional light microscopy.
Development of the Double-target ISH Technique
Before developing a double-target ISH technique, we fmt optimized several single immunoenzyme detection systems and evaluated them for sensitivity (size of ISH signal) and applicability in the double ISH. Our aim was to acquire two methods for the detection of two DNA probe labels, i.e., biotin and digoxigenin, which gave good ISH signals and no crossreactions when they were applied simultaneously. For detection of the biotin and digoxigenin labels, we applied several avidin-biotin systems and antibody systems containing either HRP or AP. Visualization of HRP with DAB/H202, amplified with CuSO4, and AP with New FuchsinlnASTRp, resulted in black and red signals, respectively.
As reported earlier (24), the ABC technique with HRP was the most sensitive detection method, resulting in large ISH signals. However, because of the application of both an avidin-biotin system and a conjugated antibody, i.e., HsaM-Bio, this method could not be applied in combination with a detection system containing mouse antibodies. A good alternative for the ABC technique was the application of two layers of enzyme-conjugated avidin.
In general, detection of the DNA probe labels in strongly fixed paraffin tissue sections required enhancement of the sensitivity of the detection systems. To increase the sensitivity of these detection systems, several possible modifications were selected. First, the sensitivity of the enzyme-conjugated avidin method could be increased by another application of enzyme-conjugated avidin (up to four times; Table 2 ). Indeed, it resulted in larger ISH signals but it was time-consuming. Second, increment of biotin label per amount DNA probe, by supplying an extra biotinylated dNTP in the nicktranslation procedure, provided larger ISH signals (data not shown). When these modifications were combined, two layers of enzymeconjugated avidin were enough to give satisfactory ISH signals on paraffin tissue sections. In addition, longer incubation times of AP resulted in large ISH signals, but the red color became more intense and darker (more black than red). Therefore, the standard incubation time (10 min) for AP was performed, to achieve a good and possible evaluation of the ISH signals in the double-target experiments.
Both for the avidin-HRP and avidin-AP methods, good results were obtained. Conversely, HRP-conjugated antibody detection systems showed much better ISH signals than the antibody detection systems containing AP ( Table 2) . Therefore, these differences determined the choice of combination for the immunoenzyme detection systems in the double-target ISH technique. For detection of biotin-labeled DNA probes we used an AP-conjugated avidinbiotin system, and the digoxigenin-labeled DNA probes were detected by an HRP-conjugated antibody system (see Figure 2 ). Both the HRP and AP techniques gave reasonable results when diluted in PBS-Tween. Consequently, the two detection systems could be performed simultaneously. No crossreaction of the compounds used occurred, since no mixed-color ISH signals were observed. A difference in results was noted when the incubations of HRP and AP were reversed. In our opinion, this is due to the inactivation of the enzyme alkaline phosphatase by H202 in the HRP incubation medium. Therefore, we recommend first visualization of the APlinked DNA probe, followed by visualization of the HRP-linked DNA probe.
Application of tbe Double-target ISH Technique
An advantage of the double-target ISH technique described here is the possibility of evaluating the ISH signals with brightfield microscopy. The technique was successfully applied to several types of material. In cytological specimens and frozen tissue sections, multiple chromosome targets could be detected. Double-target ISH on paraffin tissue sections also resulted in good detection and discrimination of two different chromosome targets, although stronger pre-treatment of the samples was necessary.
Application of the double-target ISH technique on metaphase spreads enables the discrimination of two types of chromosomes by contrasting color precipitates on the target sequences of the chromosomes ( Figure 1A) . As shown in Figure lB , by using the right combination of probes, not only interchromosomal detection but also intrachromosomal detection can be performed with the doubletarget ISH technique. In this way, both numerical and structural chromosome aberrations can be detected.
The combination ofthe double-target ISH technique with immunohistochemical detection of cell contents, such as the cytoskeleton, of specific cells was possible ( Figure IC) . In this way, specific cells could be examined in the context of possible chromosome aberrations.
This technique is also suitable for application to formalin-fixed, paraffin-embedded tissue sections, with the common benefit of the access to archival material. The major advantage of ISH on tissue sections is the fact that both histological and genetic information can be obtained (22). Therefore, chromosome ploidy can be determined and focal tumor cell areas with chromosome aberrations can be recognized in tissue sections, and correlated with the histological appearance. However, owing to truncation most nuclei will be sectioned in tissue sections, resulting in an underrepresentation of ISH signals, showing nuclei with none or one ISH signal for normal ploidy. Since no reliable correction factors are available yet, the results must be evaluated more qualitatively than quantitatively (11) . In this regard, the double-target ISH technique can be an additional tool for detection and argumentation of possible over-or under-representation of chromosome copy numbers. With the detection of two types of chromosomes within one cell, a better understanding can be acquired about the chromosome ratios and a possible chromosome imbalance, as shown in Figure 1 .
In summary, the double-target ISH technique described here can be considered useful for detection of two (or more) DNA targets. The technique results in stable, good-contrasting color precipitates, thereby allowing examination of multiple ISH signals with brightfield microscopy. It can be applied to various types of biological materials, including tissue sections. Because of the applicability of this technique to a wide variety of materials and the relative short detection time, the double-target ISH technique can be regarded as a useful tool for routine detection of multiple chromosome targets.
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